Here, we present FissionNet, a proteome-wide binary protein interactome for S. pombe, comprising 2,278 high-quality interactions, of which $50% were previously not reported in any species. FissionNet unravels previously unreported interactions implicated in processes such as gene silencing and pre-mRNA splicing. We developed a rigorous network comparison framework that accounts for assay sensitivity and specificity, revealing extensive species-specific network rewiring between fission yeast, budding yeast, and human. Surprisingly, although genes are better conserved between the yeasts, S. pombe interactions are significantly better conserved in human than in S. cerevisiae. Our framework also reveals that different modes of gene duplication influence the extent to which paralogous proteins are functionally repurposed. Finally, crossspecies interactome mapping demonstrates that coevolution of interacting proteins is remarkably prevalent, a result with important implications for studying human disease in model organisms. Overall, FissionNet is a valuable resource for understanding protein functions and their evolution.
INTRODUCTION
Proteins function primarily by physically interacting with other proteins. Gain or loss of these interactions within an organism can modulate protein functions and disease states (Sahni et al., 2015; Wei et al., 2014) . The importance of protein interactions to our understanding of fundamental biological processes has spurred the mapping of protein interactome networks for several organisms (Arabidopsis Interactome Mapping Consortium, 2011; Giot et al., 2003; Rolland et al., 2014; Stelzl et al., 2005; Yu et al., 2008) . However, the budding yeast Saccharomyces cerevisiae remains the only eukaryotic organism for which a high-coverage binary protein interactome has been mapped by systematic interrogation of pairwise combinations of all proteins in triplicate (Yu et al., 2008) . Here, we present FissionNet, a high-coverage proteome-wide protein interactome network generated for the fission yeast Schizosaccharomyces pombe.
We compared FissionNet with the only other proteome-scale eukaryotic interactomes available (> 50% of all protein pairs screened), the interactome networks of S. cerevisiae and human. Surprisingly, we find that FissionNet is more similar to the human network than it is to that of S. cerevisiae. Furthermore, among interactions involving conserved proteins, there is significant species-specific rewiring that is not completely determined by overall sequence similarity of orthologs. Instead, we identify several other determinants of interaction conservation, including local network constraints and conservation of interacting protein domains. Also, by comparing FissionNet with the proteomewide interactome of S. cerevisiae, we are able to ascertain how gene duplication events influence the process by which paralogs acquire novel functions.
S. pombe is an important model organism for studying fundamental biological processes such as RNA splicing, cell-cycle regulation, RNAi, and centromeric maintenance, which are conserved in metazoans but divergent in budding yeast (Wood et al., 2002) . We use FissionNet to unveil previously unreported protein associations between gene regulatory factors involved in pre-mRNA splicing and silencing of stress-response genes and at pericentromeric regions, illustrating the value of our network as a proteome-scale resource to understand biological processes.
RESULTS
A Proteome-wide High-Coverage Binary Protein Interactome Map of S. pombe To generate a proteome-wide interactome network for S. pombe, which we call FissionNet, we systematically tested all pairwise combinations of proteins encoded by 4,989 S. pombe genes (corresponding to > 99% of all S. pombe coding genes) using our high-quality yeast two-hybrid (Y2H) assay, the same pipeline that we used to generate the budding yeast and human interactome networks ( Figure S1A ) (Yu et al., 2008 (Yu et al., , 2011 . Extensive screenings in triplicate (a total of $75 million protein pairs) yielded 2,278 interactions between 1,305 proteins, of which 2,130 (93.5%) have not been previously reported in S. pombe ( Figure 1A ) . Furthermore, FissionNet contains 1,034 interactions that have not been reported between orthologs in any other species before. Of these, 142 interactions involve S. pombe proteins that both have human orthologs, but at least one does not have a S. cerevisiae ortholog and, hence, cannot be studied in S. cerevisiae. Thus, FissionNet provides a valuable repertoire of biological insights.
To assess the sensitivity and specificity of our Y2H assay (Yu et al., 2008) , we constructed a positive reference set (PRS) consisting of 93 well-validated S. pombe interactions from the literature and a negative reference set (NRS) of 168 random S. pombe protein pairs that are not known to interact in the literature and whose orthologs in other species are also not known to interact (see Supplemental Experimental Procedures). We performed Y2H and protein complementation assay (PCA) (Das et al., 2013; Yu et al., 2008) to test what fraction of the PRS, NRS, and a random sample of 220 FissionNet interactions can be detected using orthogonal methods ( Figure 1B ). We found that the detection rates of the PRS and FissionNet interactions are indistinguishable from each other and are significantly higher than that of the NRS ( Figure 1B ; >15% difference in detection rates between the PRS and NRS for both assays, p < 10 À3 , Z test). The robust validation rates of FissionNet interactions by an orthogonal assay confirm the high quality of the network. Furthermore, although it has been speculated that Y2H interactions involving proteins with many interaction partners (hubs) could be of low quality (Bader et al., 2004) , we found that the validation rate by PCA of hub interactions is the same as the overall PCA validation rate for FissionNet ( Figure 1B ; p = 0.34, Z test), confirming that FissionNet interactions involving hubs are of high quality. Biological relationships between interacting proteins in FissionNet were assessed by measuring similarities in protein localization, functional annotations, and expression profiles (see Supplemental Experimental Procedures). We found that FissionNet interactions are significantly enriched for protein pairs that are co-localized, functionally similar, and encoded by coexpressed genes relative to random expectation ( Figures 1C-1E and S1B-S1H; p < 0.05 in all three cases using a KolmogorovSmirnov (KS) test for coexpression and Z test for co-localization and functional similarity). Furthermore, the enrichment of these interactions for all three categories is similar to that of literature-curated binary interactions. These results confirm that FissionNet interactions are functionally relevant in vivo. We illustrate this by focusing on two previously unreported interactions: Tas3-Hhp1 and Atf1-Cid12, and their potential roles in gene silencing.
FissionNet Provides Insights into Functions of Proteins and Interactions
The regulation of centromeric silencing is a well-conserved process in S. pombe and metazoans but is divergent from that in S. cerevisiae (Holoch and Moazed, 2015) . FissionNet revealed a previously unidentified interaction between Tas3 and Hhp1 that we confirmed in vivo (Figures 1F and 1G) . Tas3 is a component of the RNA-induced transcriptional silencing (RITS) complex that mediates gene silencing at S. pombe centromeres . Hhp1 is a conserved mitotic checkpoint kinase (Johnson et al., 2013 ) not known to be involved in centromeric silencing. In S. pombe cells where the ura4 + reporter gene was inserted at the centromere inner repeats of chromosome 1 (imr1R) , we find that hhp1D confers loss of silencing at the centromere, similar to tas3D cells (Figure 1H ). Furthermore, levels of endogenous centromeric transcripts are elevated in hhp1D cells ( Figure S1I ). Moreover, loss of hhp1 leads to a decrease in the dimethylation of histone 3 lysine 9 (H3K9me2) at the centromere ( Figure S1J ). These results show that Hhp1 is involved in centromeric silencing.
We also identified a previously unreported interaction between the transcription factor Atf1 and the polyadenylation polymerase Cid12 (Figure 2A ). Atf1 mediates transcriptional responses to stresses such as high temperatures (Shiozaki and Russell, 1996) . At S. pombe centromeres, Cid12 is a core component of the RNA-directed RNA-polymerase complex (RDRC) (Motamedi et al., 2004) . The RDRC is responsible for generating double-stranded RNAs, a key step for Dcr1-dependent centromeric silencing. Interestingly, it has been reported that Dcr1 transcriptionally represses the Atf1-target genes hsp16 and hsp104 under non-stressed conditions (Woolcock et al., 2012) .
Pull-down experiments confirm the interaction of Atf1 and Cid12 in S. pombe ( Figure 2B ), and cid12D cells grown under non-stressed conditions show elevated mRNA levels of hsp16 and hsp104 as compared to wild-type cells, similar to dcr1D cells ( Figure 2C ). Additionally, double-mutant cid12D dcr1D cells do not exhibit more drastic transcript accumulation than the single-deletion mutants, suggesting both genes function in the same pathway ( Figure 2C ). Together, these results suggest that Cid12 may be involved in repressing aberrant gene expression of Atf1-target genes.
Next, we identified two Cid12 mutations, lysine-213 to isoleucine (Cid12 K213I ) and aspartic acid-260 to valine (Cid12
D260V
), that disrupt the interaction of Cid12 with Atf1 while preserving interactions within the RDRC complex ( Figure 2D ; see Supplemental Experimental Procedures). Exogenous expression of wild-type Cid12 in cid12D cells enables the transcriptional repression of hsp16 and hsp104. In stark contrast, neither mutant can repress gene expression ( Figure 2E ). The mutant phenotype is not due to complete loss of protein caused by destabilization because these Cid12 mutant proteins express in S. pombe cells ( Figure S2A ). Furthermore, in cid12D cells where the ura4 + reporter gene was inserted at the centromeric imr1R, we find that exogenous expression of either Cid12 wildtype or mutants equally permit the silencing of the ura4 + reporter ( Figure 2F ). Thus, we show that Cid12 has dual roles in regulating the expression of heat-shock genes and the centromere. Importantly, the roles can be selectively uncoupled via specific disruption of the Atf1-Cid12 interaction. These examples illustrate the usefulness of FissionNet as a resource to uncover areas of biological inquiry.
Comparative Network Analyses Reveal SpeciesSpecific Conservation of Interactions High-quality protein interactome networks have previously been reported in budding yeast (Yu et al., 2008) and human (Rolland et al., 2014 Figure S1 and Tables S1 and S2. with FissionNet and these networks, is how protein-protein interactions have evolved and whether this trend mirrors gene-level evolution. From sequence-based phylogenetic analyses, the two yeasts are less divergent from each other than either yeast is from human ( Figure 3A ) (Sipiczki, 2000) . Additionally, the two yeasts share a greater fraction of protein-coding genes than either yeast does with human ( Figures S3A and S3B ).
To calculate interaction conservation, we considered only those interactions that have the potential to be conserved, i.e., the two interacting proteins in the reference species have orthologs in the other species. However, directly calculating the overlap between sets of interactions obtained from the literature would be erroneous because currently available interactomes are incomplete and are derived from assays with varied and often unreported false-positive and false-negative rates (Yu et al., 2008) . Therefore, to accurately estimate the underlying interaction conservation fractions, we required interactomes of all species to be derived from the same experimental assay. Since interactomes in budding yeast (Yu et al., 2008) and human (Rolland et al., 2014) have been generated using our version of Y2H ( Figures S3C and S3D ), we were able to compare FissionNet to these interactome networks to measure the observed extent of interaction conservation. We developed a rigorous Bayesian framework that incorporates both the false-positive and false-negative rates of our Y2H assay to estimate the underlying interaction conservation fraction from the observed fraction for each pair of species (see Supplemental Experimental Procedures). Surprisingly, we find that interaction conservation follows a completely different trend from gene conservation (Figures 3B, S3E, and S3F) . While only $40% of S. pombe interactions are conserved in S. cerevisiae (of the 1,331 interactions where both proteins have S. cerevisiae orthologs and were pairwise retested using our Y2H assay), $65% of S. pombe interactions are conserved in human (of the 652 interactions where both proteins have human orthologs and were pairwise retested using our Y2H assay) ( Figure 3B ; p = 1.4 3 10
À4
, Z test). However, when using budding yeast as the reference species, the fraction of conserved interactions is as high in fission yeast as in human, comparable to the fraction conserved between fission yeast and human ( Figure 3B ). We were able to recapitulate these results using interaction datasets generated by other assays (Figures S3G-S3I ; >1.5-fold difference between fission yeast interactions conserved in budding yeast and human; p < 10 À3 in all cases, Z test; see Supplemental Experimental Procedures). Thus, our results suggest that a large fraction of interactions are conserved between human and S. pombe but have been lost specifically in the S. cerevisiae lineage. One possible explanation for these surprising results is that fission yeast proteins that are conserved in human could have higher overall sequence similarity than those that are conserved in budding yeast. However, we find that proteins in interactions that have the potential to be conserved based on orthology are actually slightly more similar in sequence between the two See also Figure S2 .
yeasts than between S. pombe and human ( Figure 3C ; p < 10 À5 ,
U test; see Supplemental Experimental Procedures).
Another possibility is that the observed difference primarily arises from interactions involving proteins that are conserved between fission yeast and human but lost in budding yeast. To test this, we first focused on proteins that are conserved in all three species. We still find that $20% more interactions are conserved between S. pombe and human as compared to between the two yeasts ( Figures 3D, S3J , and S3K; p < 0.05, Z test).
We next explored the conservation of interactions involved in various biological processes as defined by the Gene Ontology (GO) (Ashburner et al., 2000) . We find wide variation in species-specific interaction conservation among different processes ( Figures 3E and S3L-S3N ). We show that S. pombe interactions are more conserved in human than in S. cerevisiae for 10 out of 13 GO Slim categories containing R 50 interactions ( Figure 3E ; p < 0.05, as marked, Z test). The same trend is observed with GO Slim categories containing R 30 or R 75 interactions ( Figures S3L and S3N ). Some of these categories, such as ''chromosomal organization,'' ''chromosome segregation,'' and ''cell cycle,'' are far better conserved in human than in S. cerevisiae, and accordingly S. pombe has been used as a model organism for studying these processes (Wood et al., 2002) . Furthermore, considering GO Slim categories that are well conserved in all three species (using cutoffs of R 50, 100, and 200 genes annotated per species), we find that the conservation of S. pombe interactions in these core biological processes is also higher in human than in S. cerevisiae (Figures 3F and S3O; p < 10 À3 , Z test). Overall, these results suggest that insights gained from FissionNet may be widely applicable to the study of human biology across many important cellular processes.
We validated three cases of previously unreported functional conservation between fission yeast and human proteins. Uncharacterized S. pombe factors Srrm1, SPAC30D11.14C, and SPAC1952.06C interact with known splice factors Srp1, Usp104, and Cwf15, respectively ( Figure 3G ). Although these proteins have no orthologs in S. cerevisiae, they are orthologous to human SRRM1, KIAA0907, and CTNNBL1, respectively. Interestingly, all three human orthologs have been implicated in pre-mRNA splicing or were found to associate with spliceosomal factors in human (Blencowe et al., 1998; Hegele et al., 2012; Rolland et al., 2014) . We used DNA microarrays to measure changes in the splicing of every known intron in the S. pombe deletion mutants. The loss of srrm1, SPAC30D11.14C, or SPAC1952.06C results in widespread splicing defects, confirming the roles for these proteins in the splicing pathway (Figure 3H) . Moreover, Srrm1 and Srp1 share many gene targets, suggesting that the interacting proteins are functionally related ( Figure S3P) . Notably, an analysis of the introns whose splicing is affected by srrm1 deletion shows a strong enrichment for introns with weak splice site signals ( Figure S3Q ). This is consistent with previous findings that human SRRM1 affects splice site selection by binding to exonic splicing enhancers and facilitating interactions between spliceosomal proteins (Blencowe et al., 1998) . These results highlight the utility of FissionNet to reveal proteins that are functionally conserved between S. pombe and human.
Determinants of Interaction Conservation
Previous studies have shown that increased protein sequence similarity facilitates conservation of protein interactions (Matthews et al., 2001) . Indeed, we also find a positive correlation between sequence similarity of proteins and the fraction of their associated interactions conserved between S. pombe and human or S. cerevisiae, demonstrating a proteome-scale dependence of protein sequence and function ( Figure 4A ; R 2 S.p-H.s = 0.948 and R 2 S.p-S.c = 0.976). However, protein interaction conservation is not completely dependent on overall sequence similarity, as we find many instances of conserved interactions involving proteins with low overall sequence similarity (<40%) with their orthologs ( Figure 4A ; 40% and 13% of 116 interactions in human and 196 interactions in S. cerevisiae, respectively). To investigate whether certain highly conserved domains in these proteins play an important role in interaction conservation, we inferred protein interaction domains from co-crystal structures of 124 human interactions conserved in S. pombe and 293 conserved in S. cerevisiae. We find that the sequence similarity within protein interaction domains tends to be higher than in other domains for interactions conserved between fission yeast and human ( Figure 4B ; 7.0% higher, p = 0.012, U test). For instance, the human DR1-DRAP1 heterodimer is orthologous to the protein pair Ncb2 and Dpb3 in S. pombe. While the overall sequence similarity of the orthologs is quite low (0.58 and 0.51, respectively), the interaction is conserved in fission yeast. Moreover, we also find that the proteins can interact with the orthologs of their native interaction partner ( Figure 4C ). On the basis of a crystal structure of the human DR1-DRAP1 complex, we were able to determine the interaction domains of these proteins (Figure 4D) (Kamada et al., 2001 ). The sequence similarity within these domains in DR1 and DRAP1 with their fission yeast orthologs is 0.78 and 0.80, respectively, while the conservation outside of these interaction domains is only 0.45 and 0.38. Thus, the basis for this high degree of functional conservation is likely dependent on the interaction domains.
Strikingly, interaction conservation is nearly three times higher between S. pombe and human than between the two yeasts at low levels of overall sequence similarity ( Figure 4A ; at <40% similarity, p = 0.030, Z test). As sequence similarity approaches 100%, interaction conservation converges. Therefore, for the vast majority of interactions corresponding to proteins with lower sequence similarity to their orthologs, our results strongly suggest that species-specific factors, independent of overall protein sequence similarity, influence conservation of protein-protein interactions.
We then sought to explore other factors that could explain the basis of interaction conservation. First, we used ClusterOne (Nepusz et al., 2012) to detect topological protein clusters in FissionNet (see Supplemental Experimental Procedures). We find that intra-cluster FissionNet interactions are more than three times more likely to be conserved in both budding yeast and human than inter-cluster interactions (Figures 4E and S4A ; p < 0.05 for both organisms, Z test). Next, we examined biological processes defined by GO (Ashburner et al., 2000) and observed the same trend (Figures 4F and S4B ; p < 10 À3 for both organisms, Z test). On the basis of genetic interactions, it has been earlier hypothesized that while individual functional modules (legend continued on next page) are conserved, inter-modular connectivity could be rewired across evolution (Roguev et al., 2008) . In this study, we provide direct molecular-level evidence on a proteome scale that, although interactions within modules tend to be conserved across evolution, the cross-talk among these modules changes significantly from one species to another.
Gene Duplication Shapes the Functional Fate of Paralogs
Gene duplication has long been known as a major source of evolutionary novelty (Arabidopsis Interactome Mapping Consortium, 2011). Previous studies have found that a wholegenome duplication (WGD) event leads to more functional redundancy between paralogous proteins than small-scale duplications (SSDs) (Arabidopsis Interactome Mapping Consortium, 2011; Hakes et al., 2007) . However, there has been much debate in the literature regarding the relative extents of sub-functionalization and neo-functionalization for diverged paralogs (Gibson and Goldberg, 2009; He and Zhang, 2005) . Previous studies on functional evolution of paralogs often used interaction datasets from the literature, which, as mentioned earlier, suffer from detection and completeness biases (Yu et al., 2008) . Until now, it has not been possible to measure the extent of sub-functionalization and neo-functionalization using (G) FissionNet subnetworks of Srrm1, SPAC30D11.14C, and SPAC1952.06C. (H) Global splicing profiles of deletion strains relative to wild-type. Columns represent total mRNA (T), pre-mRNA (P), and mature mRNA (M). Data are shown as measurements + SE. * denotes significant (p < 0.05); n.s. denotes not significant. See also Figure S3 and Table S3 . an unbiased framework because there was only one proteomewide high-coverage binary protein interactome available, that of S. cerevisiae. Here, we compare the unbiased proteome-wide networks of S. pombe (FissionNet) and S. cerevisiae (CCSB-YI1) (Yu et al., 2008 ) that we produced using the same Y2H assay to analyze these two types of functional divergence. We first examined the extent to which interactions in S. pombe and S. cerevisiae tend to be conserved across species, but not shared between within-species paralogs (sub-functionalized) ( Figure 5A ; see Supplemental Experimental Procedures). We find that fission yeast paralog pairs tend to undergo more subfunctionalization than budding yeast paralog pairs ( Figure 5B ; difference in log odds ratio = 2.8 using 1,762 fission yeast paralog pairs and 2,068 budding yeast paralog pairs, p < 10 À5 , Z test). Since S. pombe paralogs arose via SSDs, while many S. cerevisiae paralogs arose via a WGD event (Kellis et al., 2004) , this result suggests that duplication modes could impact paralog divergence differently. To test this, we compared paralog pairs generated via the WGD event with those generated via SSDs in S. cerevisiae. We find that SSD pairs are more sub-functionalized than WGD pairs (Figures 5C and S5A-S5D; p < 0.05, Z test; see Supplemental Experimental Procedures). Next, we compared the extent of neo-functionalization (rewiring) ( Figure 5A ) for the two species and found that fission yeast paralog pairs tend to undergo more neo-functionalization than budding yeast pairs (Figures 5D and S5E ; difference in log odds ratio = 0.5 using 1,158 fission yeast paralog pairs and 1,175 budding yeast paralog pairs, p = 0.015, Z test). Furthermore, within S. cerevisiae, SSD pairs are significantly more neo-functionalized than WGD pairs (Figures 5E and S5F-S5I; p < 0.05, Z test).
In a WGD, the entire genome is duplicated almost at once. Soon afterward, a vast majority of the duplicates are purged while only a few are retained (Kellis et al., 2004) . However, the duplicates that remain are under strong evolutionary pressure to maintain stoichiometric ratios with their interaction partners and, thus, evolve more slowly (Fares et al., 2013) . On the other hand, SSDs arise sporadically and are under less pressure to maintain stoichiometric ratios, which explains why they can undergo greater functional divergence (Fares et al., 2013) . This increased pressure on WGD genes to maintain stoichiometry is illustrated by their propensity to be enriched in protein complexes compared to SSD genes (Hakes et al., 2007) . Using 408 high-quality literature-curated complexes from CYC2008 (Pu et al., 2009) , we observed the same enrichment. Moreover, we find that the enrichment increases with the size of the complex, further supporting the notion that stoichiometric constraint influences the fate of WGD genes ( Figure S5J ). Since WGD pairs are more functionally redundant than SSD pairs, these genes tend to be non-essential (Guan et al., 2007) . It has also been shown that double deletions of these WGD pairs lead to a higher synthetic lethality rate than SSD pairs (Guan et al., 2007) . Using a genome-scale genetic interaction map (Costanzo et al., 2010) , we confirmed that deletion of WGD pairs is more likely to lead to synthetic lethality ( Figure 5F ; >6-fold difference in the fraction of synthetically lethal pairs, p < 10 À10 , Z test). Moreover, when we further stratify both groups of paralogs into pairs that are known to share interactors and pairs that have not been reported to share interactors, double deletions of the former are more likely to cause synthetic lethality than double deletions of the latter ( Figure 5F ; $1.5-fold difference between the two sets for both SSD and WGD pairs, p < 0.05 for both SSD and WGD pairs, Z test). This shows that paralog pairs that share interactors are more likely to be functionally redundant, regardless of whether they arose via SSD or WGD.
There have been conflicting reports in the literature regarding coexpression patterns of SSD and WGD pairs (Conant and Wolfe, 2006; Guan et al., 2007) . Using a compendium of genome-wide expression datasets for S. cerevisiae genes (Yu et al., 2008) , we found no significant difference in coexpression patterns of these pairs ( Figure S5K ). However, we find that SSD and WGD paralog pairs that share interactors are significantly more likely to be coexpressed than pairs that are not known to share interactors ( Figures 5G, S5L , and S5M; >10% more coexpressed for paralogs that are known to share interactors, p < 0.02 in both cases, Z test; see Supplemental Experimental Procedures). The tendency to be coexpressed among SSD pairs and WGD pairs that share interactors is the same. Furthermore, among pairs that are not known to share interactors, WGD pairs tend to be more coexpressed than SSD pairs ( Figures 5G, S5L , and S5M; >10% more coexpressed for WGD paralogs compared to SSD paralogs, p < 0.02 in all cases, Z test). These results show that for both duplication modes, because paralog pairs that are known to share interactors tend to be functionally redundant, the regulation of their gene expression also tends to be retained. Only for paralog pairs that are not known to share interactors is there a significant difference in coexpression between SSD and WGD paralogs, suggesting that even these WGD pairs might still be more functionally redundant than SSD pairs. It should be noted that, due to the incompleteness of current interactomes, paralog pairs could share interactors that are currently unreported.
The availability of proteome-wide interactomes helps dissect functional redundancy and divergence and to some degree the regulation of expression between paralogs. Overall, our results show that a WGD leads to greater functional redundancy while SSDs lead to greater functional diversification by sub-functionalization and neo-functionalization. Moreover, while there has been debate in the literature regarding the ubiquity of neo-functionalization (Gibson and Goldberg, 2009; He and Zhang, 2005) , our results provide accurate measurements of the extent of neofunctionalization in the two yeasts.
Coevolution of Conserved Interactions Revealed by Cross-Species Interactome Mapping
To further dissect the nature of conserved interactions, we implemented a cross-species interactome mapping approach to determine the prevalence of coevolution. We consider an interaction to be coevolved when its proteins have evolved in a coordinated manner to maintain the interaction in different species but have developed incompatible binding interfaces with orthologs of their partners. To determine whether conserved interactions are intact or coevolved, we test by Y2H whether a protein in one species can interact with the ortholog of its interacting partner in another species. If the cross-species interaction can occur, the interaction is intact ( Figure 4C) ; otherwise, it is coevolved between the two species ( Figure 6A ). For example, through our cross-species mapping, we discovered that interactions of farnesyltransferase subunit Cwp1 with other subunits Cpp1 and Cwg2 have coevolved between S. pombe and S. cerevisiae; Cwp1 cannot interact with either Ram1 or Cdc43, S. cerevisiae orthologs of Cpp1 and Cwg2, respectively ( Figure 6B) . A previous study showed that expression of Cwp1 cannot complement a non-functional mutant of its S. cerevisiae ortholog, Ram2 (Arellano et al., 1998) . This suggests that Cwp1, although conserved between S. pombe and S. cerevisiae at the gene level, has evolved incompatible interaction interfaces with other farnesyltransferase subunits in S. cerevisiae and is thus unable to reconstitute an active enzyme complex.
It is known that evolution in protein folds is essentially the result of many random mutation events (Lockless and Ranganathan, 1999) . However, since only a small fraction of changes that occur via random drift will satisfy the pairwise constraints necessary for interaction conservation, coevolution at the residue level only occurs at a few specific sites and is relatively rare (Talavera et al., 2015) . Surprisingly we find that coevolution at the interaction level is not uncommon: $33% and 50% of conserved interactions between S. pombe and S. cerevisiae or human are coevolved, respectively ( Figure 6C ). This shows that even among conserved interactions, only a few key alterations at important binding sites can make the cross-species interactions incompatible and the interactions coevolved. Thus, these sites are critical to protein binding and subsequent function, and changes at these sites alter protein interactions in a manner analogous to a single amino acid change disrupting protein interactions in human disease (Wang et al., 2012; Wei et al., 2014) .
Among interactions for which we were able to determine coevolution status, we found that the likelihood for an interaction to be intact between S. pombe-S. cerevisiae and S. pombe-human is significantly higher than random expectation, while the likelihood for an interaction to be intact for one species pair and coevolved for the other species pair is significantly lower ( Figure 6D ; difference in log odds ratio = 1.7, p = 0.022, Z test; see Supplemental Experimental Procedures). Thus, these intact interactions are likely involved in functions that have remained unchanged among yeasts and human throughout evolution.
We then investigated potential factors that could determine whether an interaction is intact or coevolved with respect to another species. We find that overall sequences of proteins involved in intact interactions tend to be better conserved across species than sequences of proteins in coevolved interactions ( Figure 6E ; difference in median sequence similarity = 8.8%, p = 2.1 3 10 À4 for S. pombe-human, U test). High sequence conservation may indicate higher levels of evolutionary constraint existing within the local network neighborhood of a given interaction. In fact, we find that proteins involved only in intact interactions have twice the number of interactors as compared to proteins involved in only coevolved interactions ( Figure 6F ; p = 1.1 3 10 À3 , U test), suggesting that the added evolutionary constraint of maintaining many interacting partners may prevent the coevolution of two interacting proteins. Finally, we find that the most highly evolutionarily correlated inter-protein residue pairs in coevolved interactions are significantly more correlated than top residue pairs in intact interactions ( Figure S6A ; p < 10 À10 , U test; see Supplemental Experimental Procedures), suggesting that the maintenance of coevolved interactions involves compensatory changes at the amino acid residue level.
Implications of FissionNet for the Study of Human Disease
We explored the relevance of FissionNet to human disease by considering the context of known human disease mutations from the Human Gene Mutation Database (HGMD) within proteins of the human interactome conserved in S. pombe. We find that among human interactions conserved in either S. pombe, S. cerevisiae, or both, $40% of inter-protein pairs of disease mutations cause the same disease ( Figure 7A ). This is significantly higher than in human interactions that are not reported to be conserved in either yeast or cannot be conserved in either due to lack of protein orthologs ( Figure 7A ; p < 10 À10 for all pairwise comparisons, Z test). Based on these results, mutations that break specific protein-protein interactions to cause diseases may be overrepresented among interactions conserved in model organisms. From a global network view, FissionNet may be highly relevant to the study of human disease based on the large portion of S. pombe interactions in which both proteins have human orthologs with known germline disease or somatic cancer-associated mutations ( Figure 7B ; 902 interactions) (Forbes et al., 2015; Stenson et al., 2014) .
To demonstrate the plausibility of studying specific human disease mutations using FissionNet, we explored whether human disease mutations that disrupt human interactions intact in S. pombe also disrupt the corresponding interactions of the fission yeast orthologs. We focused on three examples: two See also Figure S6 and Table S6 . (legend continued on next page)
Mendelian disease variants that disrupt the human NMNAT1-NMNAT1 and PCBD1-PCBD1 interactions and one population variant from the Exome Sequencing project (Fu et al., 2013) that disrupts the human SNW1-PPIL1 interaction. We find that introducing these human protein residue changes into their S. pombe orthologs also disrupts the fission yeast interactions ( Figure 7C ). These results indicate that cross-species interactome mapping enables investigation of whether interaction interfaces are altered at the molecular level between model organisms and human, a finding with potentially far-reaching implications for the study of protein function and human disease. Our results regarding gene duplication modes may also be relevant to the study of human disease. We find that human WGD paralog pairs have a significantly higher likelihood to be involved in the same disease compared to human SSD paralog pairs, in agreement with our observation that WGD paralog pairs tend to be functionally redundant ( Figure 7D ; 7-fold difference in the fraction of WGD and SSD pairs that cause the same disease, p < 10 À10 , Z test; see Supplemental Experimental Procedures).
Thus, our findings have direct implications for understanding the functional roles of paralogous genes, from yeasts to human.
DISCUSSION
FissionNet provides a wealth of functional information. For example, we find that the Atf1-Cid12 interaction mediates silencing at Atf1-target genes hsp16 and hsp104. It has been shown that the RNAi pathway is involved in silencing of these genes (Woolcock et al., 2012) . Hence, it is possible that the Atf1-Cid12 interaction is part of an RNAi-dependent regulatory pathway. By comparing FissionNet to protein networks in budding yeast and human, we have shown that the molecular bases for interaction conservation among orthologous proteins are complex and different from those that underlie gene conservation. This is highly relevant to the use of the two yeasts as model organisms as there are functions that can be better studied using fission yeast. We find that divergence across species is not completely dictated by sequence level changes, suggesting that rewiring of interactomes plays an important role in species evolution. Additionally, our finding that proteins in a significant fraction of conserved interactions have undergone coevolution to maintain interactions has major implications for studies reliant on the expression of human proteins in model organisms to identify functional mechanisms (Tardiff et al., 2013) .
Gene Duplications Introduce Evolutionary Innovation and Robustness
Gene duplication is a key process shaping evolution ( Figure 7E ). Our results show that paralogs arising via WGD are under strong constraints to maintain stoichiometric ratios with their interaction partners and, hence, tend to maintain functional redundancy; on the other hand, duplicates arising via SSDs are not under such strong constraints and are more likely to gain novel functions ( Figure 7F ). For example, it has previously been reported that duplicate copies of the SRGAP2 gene that arose via segmental duplications (SSD-like events) have gained new functions related to brain development specifically in the human lineage (Dennis et al., 2012) .
Gene duplications play an important role in the evolutionary mechanism governing speciation as well as the evolution of developmental and morphological complexity in vertebrates (Rensing, 2014; Ting et al., 2004) . For example, two rounds of WGD have been predicted in the origin of jawed vertebrates ( Figure 7E ) (Kasahara, 2007) . During speciation, while certain key functions need to be evolutionarily preserved, new functions are necessary for differential adaptation between species (Ting et al., 2004) . Previous studies have identified how duplication events can lead to functional changes through gene dosage alterations (Papp et al., 2003) . Our results help establish on a proteomic scale that paralogs arising via WGD are more likely to preserve functions and provide robustness for important cellular functions, while paralogs arising via SSDs are more likely to contribute to novel functions gained by specific species. These findings further our understanding of human biology and disease.
Future Directions
Our analyses focus on budding yeast, fission yeast, and human, as they are the only three eukaryotic organisms for which we have proteome-scale interactome networks using our version of the Y2H assay (>50% of all protein pairs screened). When more interactome networks are systematically generated in other species, using assays with measured sensitivity and specificity, the comparative network analysis framework established in this study can be readily applied to further elucidate the extent and nature of the evolution of protein functions across many species.
EXPERIMENTAL PROCEDURES
Generation of the Binary Protein-Protein Interactome Map of S. pombe FissionNet was generated by triplicate independent screening of $4,900 S. pombe open reading frame (ORFs) ( Figure S1A ). The network was validated by testing a representative 220 interacting ORF pairs using PCA assays and by determining its functional properties with respect to random pairs and to a literature-curated network.
Conservation of Interactions in S. pombe, S. cerevisiae, and Human
We focused only on interactions that can be conserved, i.e., both proteins involved in the interaction have orthologs in the other species. We mapped interactions in the reference species to their corresponding ortholog pairs in the other species and tested these pairs using our Y2H assay in a pairwise fashion. Overall, results from these pairwise retests for all three species (a total of $20,000 individual Y2H experiments) are used to obtain the observed conservation fraction. To accurately estimate the true conservation fraction, we developed a rigorous Bayesian framework that takes into account both the false-positive and false-negative rates of our Y2H assay and computes the true conservation fraction from the observed fraction.
(E) The 2R hypothesis predicts two recent WGD events leading to the vertebrate lineage. (F) WGD can lead to more functional redundancy through targeted gene loss that maintains stoichiometric ratios of protein products. SSD leads to more neofunctionalization and sub-functionalization through alterations to initially redundant paralogs. Data are shown as measurements + SE. * denotes significant (p < 0.05); n.s. denotes not significant.
Positive and Negative Reference Sets
The PRS and NRS constitute sets of positive and negative controls, respectively. Our PRS comprises 93 S. pombe interactions that have been previously reported in two or more publications. To construct the NRS we chose 168 random protein pairs that have not been reported to interact in S. pombe and whose orthologs have not been reported to interact in any species. In a set of random protein pairs, the expected fraction of interactions is $10 À3 -10 À4 (Riley et al., 2005; Yu et al., 2008) , the expected number of interactions in a random set of 168 pairs is < 10 À3 3 168 (z0.2). Since we exclude pairs that are known to interact, the expected number of interactions in our NRS is even lower. See the Supplemental Experimental Procedures for a full description of the materials and methods.
ACCESSION NUMBERS
The accession number for the DNA microarray data reported in this paper is NCBI GEO: GSE74354. 
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